ABSTRACT
the entire epidermis with no apparent regionalization ( Fig. 3A-A' ). We also assessed 2 5 9
localization of p63 which is normally restricted to basal keratinocytes in other terrestrial 2 6 0
vertebrates (Truong et al., 2006) . Echoing the distribution of PCNA, p63+ keratinocytes were 2 6 1 found all throughout the epidermis (Fig. 3A" ). While the same even distribution of PCNA+ and 2 6 2 p63+ keratinocytes was observed through stage 5, the stratum corneum rarely contained p63+ 2 6 3 cells after stage 2 ( Fig. 3A -E"). After metamorphosis, however, we found that PCNA+ and p63+
keratinocytes were almost exclusively restricted to the basal epithelial layer ( Fig. 3F -F).
6 5
Suprabasal keratinocytes immediately above the basal layer also were PCNA+ and p63+, but expression was reduced compared to basal keratinocytes . Interestingly, we also
observed that a pan cytokeratin antibody that recognizes a wide spectrum of type 1 and type 2 2 6 8 keratins was strongly localized to basal keratinocytes in metamorphic skin . To more 2 6 9 explicitly determine if there was regional variation among keratinocyte populations within the expressed in the basal and spinous layers respectively in mammals (Byrne et al., 1994) .
Surprisingly, we found that keratin 5 was expressed in all keratinocytes through stage V, similar
to the pattern we observed for pan cytokeratin ( Fig. 4A-E) . Although in metamorphic skin 2 7 4
keratin 5 localization was biased to the basal keratinocytes, it was also expressed in the spinous
and granular layers (Fig. 4F ). Prior to expansion of the epidermis at stage III, keratin 10 was expressed by all keratinocytes and leydig cells at stages I-II similar to keratin 5 ( Fig. 4A-B' ).
7 7
Beginning at stage III, however, keratin 10 became strongly localized to keratinocytes attached
to the basement membrane and this pattern persisted through stage V (Fig. 4C '-D'). After metamorphosis, keratin 10 localized exclusively to the basal keratinocytes (Fig. 4F') . Taken   2  8  0 together, our data shows that cell proliferation occurs evenly throughout the epidermis and is when the dermis began to stratify and keratin 10 localized to keratinocytes attached to the
The dermal lamella is distinct from the basement membrane and is the stratum compactum 2 8 7
Early embryonic development of the dermis in urodeles has remained obscure, especially and association with the basement membrane ( Fig. 5A-D) . The thick collagen layer beneath the
epidermis was immediately recognizable as the basement lamella with its network of
orthogonally arranged collagen fibers bundled into plies ( Fig. 5A-D) . Upon close inspection, we
observed hemidesmosomes linking the epidermis to the outermost layer of the basement lamella which was clearly distinct from the underlying collagen bundles and was the basement 3 0 0 membrane ( Fig. 5B-C) . Thus, the basement membrane was directly occluded to the collagen compactum (lower layer of the dermis), we feel it is more appropriate to refer to this structure as 3 0 6 the dermal lamella ( Fig. 5A-D) .
In order to determine if the basement membrane was functionally distinct from the 3 0 8
dermal lamella, we used localization of laminin and collagen IV to label the lamina lucida and the hypodermis (Fig. 5E, H ). However, with the emergence of the dermal lamella at stage III, reactivity for these proteins revealed the basement membrane as a distinct band atop the dermal 3 1 3 lamella (Fig. 5F, I and Suppl. Fig. 2 ). We also tracked separation of the basement membrane from the dermal lamella during skin development to determine if either of these matrix proteins
contributed to the dermal lamella ( Fig. 5E-J) . As the dermal lamella separated from the affixed to the epidermis and the dermal lamella was negative for laminin and collagen IV ( 5G, J). Together, our data demonstrates that as the dermal lamella forms and thickens, it remains 3 1 9
distinct from the basement membrane and it is the separation of the two that facilitates Delayed fibroblast infiltration reveals alternate trajectory for dermis regeneration that
recapitulates development
With a clearer understanding of skin development in the axolotl, we turned our attention
to investigating the degree to which skin regeneration might recapitulate the cellular events of
skin development. In particular we were interested in how the stratum compactum reformed its bed ECM began remodeling into the denser stratum compactum and upper stratum spongiosum
We observed the reorganization of the stratum compactum from wound bed of the epidermis and dermal lamella, and keratinocytes aggregated to form nascent glands. The when the epidermis transitioned to a fully stratified epithelium. During formation of the dermis, spongiosum. In adult paedomorphic skin, the stratum spongiosum contained loosely organized
collagen fibers, mucus and granular glands, melanocytes and fibroblasts. The dermal lamella,
which becomes the stratum compactum, retained its morphology of orthogonally arranged completely disappeared from the epidermis as it differentiated into a fully stratified epithelium. In response to thyroxine, granular glands increased in size to occupy most of the stratum
spongiosum while the overall arrangement of the dermis did not change (Seifert et al., 2012b) .
In determining these stages of skin development, we discovered that progression through animals were raised in isolation, mass, length and age were all strong predictors for a particular 3 9 7
stage of skin development. However, when animals were raised in groups, a situation more akin
to normal laboratory and wild populations, age was only 18% effective in accurately predicting 3 9 9 the stage of skin development whereas mass or total length could predict skin stages in 90% of in developmental progression we observed in axolotls is similar to variation reported for frog prior to metamorphic climax (Kawai et al., 1994) . This pre-metamorphic variability in 4 0 7
developmental progression disappeared as rising levels of serum thyroid hormone reached peak 4 0 8 levels (Kawai et al., 1994; Tamakoshi et al., 1998) supporting the idea that thyroid hormone 4 0 9 levels are a major driver of skin development in frogs. While this may be the case for anurans, Because axolotls are neotenic, they retain certain larval characteristics in the sexually salamanders as these cells normally disappear during metamorphosis in terrestrial urodeles Jarial, 1989; Kelly, 1966; Ohmura and Wakahara, 1998; Seifert et al., 2012b) . A similar skin, but are lost during metamorphosis in response to increasing levels of thyroid hormone Izutsu et al., 1993; Kawai et al., 1994; Robinson and Heintzelman, 1987) . While Leydig cells
undergo a distinctive maturation that is defined by an increasing density of granules produced and an outer periderm layer that is ultimately replaced with a cornified barrier layer (Koster and metamorphosis (Izutsu et al., 1993; Kawai et al., 1994; Robinson and Heintzelman, 1987 epidermis and all keratinocytes were positive for keratin 5 and 10 supporting the apparent lack of 4 4 4 epidermal stratification during early skin development. As larval anurans approach metamorphic
climax, fibroblasts invade the dermal lamella and secrete proteases that help separate it from the 4 4 6 basement membrane (Berry et al., 1998; Izutsu et al., 1993; Tamakoshi et al., 1998) .
Simultaneously, multiple epidermal lineages disappear leaving basal keratinocytes that express membrane are distinct from suprabasal keratinocytes that express low levels of keratin 10.
5 6
We also investigated localization of p63 which is required for epidermal specification and Although p63 appeared to localize to basal and suprabasal keratinocytes, in contrast to PCNA we 4 6 1 found that it was largely absent from flattened keratinocytes in the stratum corneum. Thus, our 4 6 2 data suggests that at least three types of keratinocytes (in addition to Leydig cells) populate adult In conjunction with epidermal stratification we observed formation of a dermal lamella
and its delamination from the basement membrane to form the stratum compactum. During
formation of the dermal lamella, the organization of collagen fibers mirrored observations in 4 7 6
anurans and fish (Fox and Whitear, 1990; Hay and Revel, 1963; Kemp, 1961; Kemp, 1963 source of the dermal lamella (Hay and Revel, 1963) as does our data from BeN-treated skin ( Kemp, 1961; Kemp, 1963; Utoh et al., 2000) and that this event was regulated by thyroid
hormone at metamorphic climax (Kawai et al., 1994) . The activation of downstream target axolotl skin development suggests that either activation of proteolytic enzymes is independent of 4 9 3 thyroid hormone or that fibroblasts and keratinocytes are differentially sensitive to very low
circulating levels of thyroid hormone in axolotls (Brown, 1997; Rosenkilde and Ussing, 2004) . the same amount of food at each feeding. To generate growth curves and to establish stages of sibling animals were group-housed to address differences in growth due to density. Prior to L-thyroxine as detailed previously (Coots & Seifert, 2015) . All procedures were conducted in
accordance with, and approved by, the University of Kentucky Institutional Animal Care and
Use Committee (IACUC Protocol: 2013-1174). Axolotls were anesthetized by full submersion in 0.01% (aqueous) Benzocaine (Sigma). treatment was carried out as previously described (Cook and Seifert, 2016) . Briefly, 100 mM minutes, after which they were continually rinsed in running tap water for 10 minutes. After
rinsing, a second wound corresponding to the mirror position across the dorsal midline was made. Each animal served as its own control. Healing wound tissue was harvested at indicated 5 6 0 days post injury and prepared for paraffin embedding. Freshly harvested tissues were fixed overnight (~16-24hr) in 10% neutral buffered (PBS) 3 times, dehydrated in 70% EtOH and processed for paraffin embedding using a Master Tech) as previously described (Seifert et al., 2012) . Growth Curve and Skin Development Staging
We raised two sibling cohorts to generate growth curves and to develop a normal staging
series to study skin development. Animals from cohort one (n=20) were used to ensure a 5 7 2
standard growth curve at 17-18˚C using our feeding regimen and animals from cohort two
(n=31), which was treated identically to cohort one, were used to characterize skin development
using histological analysis. Cohort two consisted of two batches of animals so as to completely
cover the size range that captured all skin stages. Cohorts were weighed (g) and measured (total
body length -cm) every seven days. Animals (n=3) were sampled at random every seven days.
7 7
For smaller animals the entire animal was prepared for sectioning and for larger animals we development stages. We used the following criteria to determine whether a cellular or appearance. In those cases where we were unable to separate cellular events in time, these 5 8 4
events would be grouped together to characterize a single stage. For immunohistochemistry, slides were de-paraffinized, rehydrated and antigen retrieval (Thermo Fisher Scientific, Waltham, MA) for bright field visualization.
9 6
Antibodies used were as follows: Collagen IV (Rockland Inc., Limerick, PA) 1:450,
Collagen I (Rockland Inc.) 1:500, Keratin 5 and 10 (BioLegend, San Diego, CA) 1:500, Pan-
Cytokeratin (Agilent, Santa Clara, CA) 1:500, PCNA (Agilent) 1:1000, Laminin (Agilent) 1:750, Histo5 with citrate buffer (pH 6.0) for 25 minutes at 85˚C. Bright-field images were taken on a BX53 light microscope (Olympus) using a DP80 6 0 5
CCD camera (Olympus). Whole mount images were taken on an SZX10 light microscope 6 0 6
(Olympus) using a DP73 CCD camera (Olympus). A dual mCherry-GFP filter was used to 6 0 7
detect auto-fluorescing erythrocytes. Harvested tissue was fixed in 4% paraformaldehyde with 2-3.5% glutaraldehyde in 0.1M
Sorenson's phosphate buffer (1.5hr at 4 degrees C), washed with 5% sucrose in Sorenson's and 6 1 2 fixed again in 1% OsO4 in 0.1M Sorenson's, and dehydrated in 50-100% ethanol for 48hrs. 60-watt lamp for 1hr. This was repeated for 100% resin. Tissue samples were thin sectioned 6 1 6 using a Reichert Ultracut E UltraMicrotome. Following metamorphosis leydig cells disappear from the epidermis. The epidermis transforms from a transitional epithelium to a stratified epithelium. Granular and mucous glands in the dermis enlarge to fill most of the stratum spongiosum.
